Abstract. Recent advancement in liquid-environment atomic force microscopy (AFM) has enabled us to visualize three-dimensional (3D) hydration structures as well as two-dimensional (2D) surface structures with subnanometer-scale resolution at solid-water interfaces. However, the influence of ions present in solution on the 2D-and 3D-AFM measurements has not been well understood. In this study, we perform atomic-scale 2D-and 3D-AFM measurements at fluorite-water interfaces in pure water and supersaturated solution of fluorite. The images obtained in these two environments are compared to understand the influence of the ions in solution on these measurements. In the 2D images, we found clear difference in the nanoscale structures but no significant difference in the atomic-scale contrasts. However, the 3D force images show clear difference in the subnanometer-scale contrasts. The force contrasts measured in pure water largely agree with those expected from the molecular dynamics simulation and the solvent tip approximation model. In the supersaturated solution, an additional force peak is observed over the negatively charged fluorine ion site. This location suggests that the observed force peak may originate from cations adsorbed on the fluorite surface. These results demonstrate that the ions can significantly alter the subnanometer-scale force contrasts in the 3D-AFM images.
Introduction
Water and ions play important roles in many of the solid-liquid interfacial phenomena, including crystal growth [1] , biomolecular interactions [2] [3] [4] , and electrochemical reactions [5] . Thus, methods to measure their atomic-or molecular-scale behavior are required in a wide range of research fields. To date, spectroscopic methods such as X-ray [6] , neutron [7] and optical beam [8] technologies have been widely used for investigating distributions of water and ions at solid-liquid interfaces. While these methods have a subnanometer-scale vertical resolution, their lateral resolution is a few orders of magnitude larger than the atomic scale. This drawback often hinders an atomistic understanding of interface structures and processes and direct comparison of the results obtained by experiments and atomistic simulations.
Atomic force microscopy (AFM) [9] is one of the most promising candidates to overcome this limitation as it has a subnanometer-scale resolution both in the vertical and lateral directions. Owing to the recent advancements in the AFM instrumentation, such an atomic-scale measurement is possible even in liquid [10, 11] as well as in vacuum [12, 13] . Moreover, several research groups developed three-dimensional (3D) force measurement techniques [14, 15] , where the tip is scanned both in the vertical and lateral directions and the force applied to the tip during the scan is recorded to produce a 3D force image. Previous studies revealed significant similarities between the experimentally measured 3D force images and the theoretically simulated hydration structures at some of the model solid-liquid interfaces [14] [15] [16] [17] . This agreement has stimulated further studies on direct 3D measurements of hydration structures by AFM.
Till date, majority of the atomic-scale measurements in liquid by dynamicmode AFM have been performed in an electrolytic solution because an atomic-scale AFM measurement in pure water is typically much more difficult than that in an electrolytic solution [18] [19] [20] . Nevertheless, the obtained results are often compared with a theoretically simulated water density or force images without taking into account the influence of ions present in the electrolyte. Recently, one solution for this problem was reported, where a small cantilever with a resonance frequency (f 0 ) of ∼3.5 MHz in liquid [21] was used for obtaining a subnanometer-scale 3D force image even in pure water. The force image measured on a calcite (CaCO 3 ) (1014) surface in pure water was compared with the one obtained by an atomistic MD simulation [22] , which clarified the central issues underpinning the mechanism of 3D hydration structure measurements [19] . The small cantilever was also used for imaging the 3D force distribution on a fluorite (CaF 2 ) (111) surface in pure water [23] . The obtained image was compared with the force image calculated by the solvation tip approximation (STA) model [24, 25] , where a tip is approximated by a single water molecule. This comparison showed that a force and a water density distribution can be significantly different and hence conversion from the water density to the force by the STA model is recommended as the current best practice for their comparison.
As discussed above, the experimental techniques and the theoretical basis for the hydration structure measurements in pure water are making steady progress towards their establishment. In the meanwhile, many of the interesting interfacial phenomena take place in an electrolytic solution. Hence, it is necessary to understand the influence of ions on the measurements of hydration structures. So far, several research groups compared atomic-scale contrasts of the two-dimensional (2D) AFM images obtained in pure water and an electrolytic solution [26] [27] [28] [29] . They suggested the formation of stable adsorption structures of cations on a mica or a calcite surface. As for the influence of ions on a 3D force image, there is only one experimental study [30] , where the 3D force images of a mica-water interface obtained in 0.2 M was compared with that in 4 M KCl solution, which is close to the saturated concentration. These results suggested that the ions form a 3D adsorption structure with a surprisingly high thickness (> 3 nm) under such an extremely high ionic concentration. Although these previous studies suggest the significant influence of ions on the measurements of hydration structures, the number of such studies are still limited. In particular, detailed comparison between 3D force images obtained in pure water and in a moderate electrolytic solution (< 1 M) has not been reported. Since most of the important interfacial phenomena studied in biology or electrochemistry take place in a moderate electrolytic solution, such studies are of particular importance.
Fluorite (111) surface was widely used as a model system for investigating the imaging mechanism of atomic-resolution AFM in ultra-high vacuum (UHV) from experimental and theoretical aspects [31] [32] [33] [34] . In addition, the growth mechanism of a fluorite crystal in aqueous solution was extensively studied in relation to the fabrication of optical components [35] [36] [37] [38] , formation of tooth enamel [39, 40] and biomineralization [41] [42] [43] [44] [45] [46] . Thus, the theoretical basis for atomistic molecular dynamics (MD) simulation of the fluorite-water interface was relatively well-established. Therefore, some of the early simulation studies on the imaging mechanism of atomic-resolution liquid-environment AFM were performed with a model of this interface [22, 47, 48] . To compare the results obtained by simulation and experiments, we previously performed systematic AFM experiments at this interface with different CaF 2 concentration and pH [49] . Among the many conditions tested, we found only two conditions that allow us to perform atomic-scale measurements at this interface: in pure water but within 20 min after the immersion or in a supersaturated solution of CaF 2 (σ = 100). σ denotes the degree of supersaturation and defined by σ = (c − c eq )/c eq , where c and c eq are the concentrations of the solution used for the experiment and saturated solution, respectively. For the 3D force images obtained in pure water, we previously reported detailed comparison with the simulated 3D images [23] . In contrast, 3D force images obtained in a supersaturated solution have not been reported. Furthermore, detailed comparison between the measurements in water and a supersaturated solution have not been reported even for the 2D imaging.
In this study, we perform 2D and 3D AFM measurements at fluorite-water interfaces in pure water and supersaturated solution (σ = 100). We compare the obtained images with the theoretically simulated water density and force images and clarify their differences. We discuss possible origins of the differences in relation to the influence of the ions. Through these discussions, we also demonstrate the importance of the 3D analysis for investigating the influence of ions on the hydration structure measurements by AFM. 21 
Methods

Sample preparation
The fluorite (111) surface consists of hexagonally arranged Ca 2+ and F − ions as shown in Fig. 1a . Figure 1b shows the cross sectional model of the fluorite crystal taken along line AB shown in Fig. 1a . This figure shows that the fluorite crystal consists of F − -Ca 2+ -F − layers stacked in the [111] direction with a spacing of 0.315 nm. Here, we refer to F − ions higher and lower than the Ca 2+ ions as F h and F l ions, respectively. All of the three ions (Ca, F h and F l ) are located along the line AB in Fig. 1a . Thus, we mainly analyzed the cross sections of the 3D force and water density images obtained along the line AB for understanding the local distribution over these different ions.
We used a commercially available fluorite (111) substrate with the size of 10 × 10 × 2 mm 3 (Crystal Base). We fixed the fluorite substrate to a sample holder by glue. We cleaved the fluorite (111) substrate with a razor blade just before an AFM experiment, and quickly dropped an imaging solution (50 µL) onto the substrate with its surface in the upright direction. As the imaging solution, we used either milli-Q water or a supersaturated CaF 2 solution (σ = 100). Although Milli-Q water is not pure water in a strict sense, here we refer to it as pure water to discriminate it from an electrolytic solution which contains substantial amount of ions.
The supersaturated solution (σ = 100) was prepared by mixing the same amounts of 38 mM CaCl 2 and 76 mM KF solutions. The solution prepared in this way appears 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to be transparent and does not form any visible precipitates in spite of the large degree of the supersaturation. Although we do not know the exact mechanism of preventing the precipitation, we speculate that the other ions such as K + and Cl − may suppress the nucleation of a CaF 2 crystal. Note that we have strong evidence to show that the prepared solution is not a KCl solution but a supersaturated solution although it looks transparent. First, the fluorite crystal in this solution shows a rapid growth as shown later in Figure 2b . Secondly, the fluorite crystal in 100 mM KCl solution ( Figure S1 in Supplementary Data) shows morphological changes similar to those in pure water (Figure 2a ) but significantly different from those in the supersaturated solution ( Figure  2b ). Thus, we are confident that the prepared solution is not a KCl solution but a supersaturated solution of CaF 2 .
AFM measurements
We used a home-built frequency modulation AFM (FM-AFM) with an ultra-low noise cantilever deflection sensor [50, 51] and a high stability photothermal excitation system [21, 52] . A commercially available phase-locked loop (PLL) circuit (OC4, SPECS) was used for oscillating a cantilever at its resonance frequency with a constant amplitude (A) and for detecting ∆f induced by the force variation. The AFM head was controlled with a commercially available AFM controller (ARC2, Asylum Research). We modified the control software to perform 3D force measurements. The obtained 3D ∆f images were converted to 3D force (F exp ) images using the Sader's equation [53] .
Among the several methods proposed for the 3D force measurements, we used 3D scanning force microscopy (3D-SFM) [14] . In this method, the tip is vertically scanned with a fast sinusoidal wave while the tip is slowly scanned in the lateral direction. During the tip scan, frequency shift (∆f ) induced by the force applied to the tip is recorded to produce a 3D ∆f image. The physical and pixel sizes of the original 3D ∆f images were 3 × 3 × 1.5 nm 3 and 64 × 64 × 256 pixels, respectively. The frequency and amplitude of the z modulation and the lateral scan speed during the 3D-SFM imaging were 195.3 Hz, 1.5 nm and 9.16 nm/s, respectively. The individual 3D ∆f images were obtained in 53 sec.
As discussed above, 3D force measurements in pure water are generally more difficult than those in an electrolytic solution. Thus, we used special experimental procedures and the data processing methods previously reported in detail in Ref. [23] . Here, we only describe them in short. We used an ultra-short cantilever (USC-F5-k30, Nanoworld) with f 0 , quality factor (Q) and the spring constant (k) of 3.91 MHz, 9.6 and 106.0 N/m, respectively. We applied drift corrections and correlation averaging filter to the measured 3D ∆f image and then converted it to the 3D F exp image. We subtracted the long-range (LR) repulsive force component from the 3D F exp image to obtain a 3D short-range F exp image. Basically, these processes do not change the main contrast features in the raw data but improve their clarity.
For the other AFM experiments, we used another type of small cantilevers (AC55, Olympus). The f 0 , Q and k of the AC55 cantilever used for the 2D and 3D AFM experiments in the supersaturated solution were 1.53 MHz, 11.1 and 142.5 N/m, respectively while those for the 2D FM-AFM experiments in pure water were 1.11 MHz, 10.2 and 83.0 N/m, respectively. The F exp image obtained in supersaturated solution did not show significant influence of the LR repulsive force owing to the short Debye length. Thus, we did not subtract the LR component from it. For all the measurements, the tip side of the cantilevers was coated with a 30 nm Si thin film using a dc sputter coater (K575XD, Emitech) to remove contaminants on the tip surface [18] .
Simulations
The water density (ρ) distribution at a fluorite-water interface was calculated by classical MD simulation as implemented in the version 4 series of the GROMACS code [48] .
To describe water, the TIP4P/2005 model was used. We applied a 0.9 nm cut-off to treat non-bonded interactions and a smooth particle mesh Ewald method to treat electrostatics. The equations of motion were integrated using a 2 fsec time step, and the LINCS algorithm was used to enforce rigid water geometries. An NPT ensemble (300 K, 1 atm) was generated using Berendsen thermostats and barostats, with the time constants of 1.0 and 10.0 psec for temperature and pressure, respectively. The first 0.5 nsec of the 4 nsec simulations were discarded as the equilibration period. We applied a correlation averaging filter to the ρ image. We converted the filtered ρ image into the force image (F STA ) using the STA model [23] [24] [25] . In this model, the relationship between F STA and ρ is described by
where, k B , T and z denote Boltzmann's constant, temperature and the vertical tip position with respect to the sample surface, respectively. were taken at the same position so that they show the time-dependent changes in the surface morphology. During the imaging, we occasionally increased the magnification to see atomic-scale structures at the center of the large-scale images. Although these atomic-scale images were obtained at similar surface positions, these positions are not exactly the same due to the drift of the tip position. Thus, the obtained atomicscale images do not show the time-dependent changes of the same surface area but are examples of many images taken with a similar condition. As mentioned above, we often changed the magnification during the imaging. Even when we changed the scan size from a small one to a large one, we did not see any trace of the previous tip scan. This 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 result suggests that the tip scan did not cause any irreversible changes in the surface morphology. Figure 2a shows FM-AFM images of the fluorite (111) surface obtained in pure water. Within ∼20 min after the immersion of the substrate into water, the surface shows atomically flat terraces with some atomistic steps and triangular pits (Fig. 2a(i) ). On the flat terraces, FM-AFM images show a hexagonally arranged atomic-scale contrast (Fig. 2a(ii) ). Due to the dissolution of the surface, the step retreats at ∼4.3 nm/min on average and the densities of the steps and pits increase with time ( Fig. 2a(iii) ). After ∼20 min, it gradually becomes difficult to find an atomically flat area. In addition, even on such a flat area, the obtained atomic-scale images were often distorted due to the instabilities in the tip-sample distance regulation (Fig. 2a(iv) ).
Results and Discussion
Comparison of 2D FM-AFM images
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Previous AFM studies reported that the Ca 2+ ions dissolved from the surface react with the OH − ions in the solution to form calcium hydroxyl complexes [54, 55] and that such complexes often grow from the surface defects to form nanoscale islands with a constant height (∼2.8 nm) [49, 55] . In this study, we empirically found that the density of such islands strongly depends on the cleavage conditions. When the substrate is cleaved by giving an impulsive force with a razor blade in the [110] direction, the cleaved surface presents a relatively large area of atomically flat terraces with small number of defects and the formation of the islands is greatly suppressed. These results are consistent with the previously reported idea that the islands are grown from the surface defects. Although the nanoscale islands were not formed on the surface, the observed instabilities of the tip-sample distance regulation suggest the existence of adsorbates that are weakly bound to the surface. Owing to the dissolved CO 2 , there may be carbonate ions near the interface. Thus, these adsorbates may be either calcium hydroxides or calcium carbonates. Future experiments with a controlled environment (e.g. in N 2 or Ar gas) may help us to identify the chemical species of these adsorbates. Figure 2b shows FM-AFM images of the fluorite (111) surface obtained in the supersaturated solution (σ = 100). At the beginning of the experiment, the surface shows a relatively large area of the atomically flat terraces and the step edges present non-uniform orientations and hence a round shape (Fig. 2b(i) ). On the flat terraces, we were able to obtain FM-AFM images showing hexagonally arranged atomic-scale protrusions (Fig. 2b(ii) ). Owing to the high degree of supersaturation, the steps grow rapidly but the growth rate was initially non-uniform. After several tens of minutes, the step growth rates reached a constant value (∼25.0 nm/min on average) and the step directions and the inter-step distances became almost uniform (Fig. 2b(iii) ). Although the density of the surface defects increased with time, we were able to perform stable atomic-resolution imaging throughout the experiment for a few hours (Fig. 2b(iv) ). This result suggests that the increase of the concentration of F − ions hinders the formation of the calcium compounds such as Ca(OH) x or CaCO 3 near the surface as reported previously [49] .
The large-scale FM-AFM images obtained in the two different environments clearly show the differences in the surface structures and their time-dependent changes. However, the atomic-scale FM-AFM images show similar contrasts (Figs. 2a(ii) and 2b(ii)) and do not present any significant differences. These results show that atomicscale 2D AFM imaging does not necessarily allow us to investigate the influence of ions on the hydration structures at a solid-liquid interface. Figure 3 shows the 3D images of ρ, F STA and F exp obtained in pure water and the supersaturated solution. For comparision between their subnanometer-scale contrasts, we extracted z cross sections from each 3D image along the line AB in Fig. 1a as shown in Fig. 4(i) . The major contrast features observed in these images are schematically shown in Fig. 4 (ii). Figure 4(iii) shows the z profiles measured on the Ca, F h and F l sites.
Comparison of 3D-SFM images
Before we start comparing these images, here we discuss the possible influence of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the tip on the intrinsic hydration structures. During the imaging, the tip is oscillated at 3.9 MHz for an ultra-small cantilever (USC, Nanoworld) and 1.5 MHz for a small cantilever (AC55, Olympus). In either case, the time scale of the tip movement is on the order of hundreds of nanoseconds, which is much longer than the relaxation time of water at the interface (< 1 ns). Thus, we can consider that the tip movement is quasistatic. In the meanwhile, the tip and its hydration shells affect the time-averaged density distribution of water. We previously investigated this influence by detailed comparison between the experiments and atomistic MD simulation [19] and explained why we can visualize the intrinsic 3D hydration structures even with a nanoscale tip. In addition, we also previously reported the detailed comparison between the force images obtained by the STA model and experiment [23] , discussed the role of the tip hydration shell and explained that it rather helps us to probe the true hydration structure of the sample. Therefore, here we assume that the measured force distributions largely represent the true interfacial structures.
As we previously reported the detailed comparison between the first three images [23] , here we only briefly summarize it as follows. The ρ image shows local hydration peaks S1-S3 over the Ca, F h and F l sites as indicated by the dotted lines in Fig. 4a(i) . In addition, a layer-like distribution S4 is observed above these hydration peaks. These peaks are also confirmed in the z profiles of ρ. In the F STA image, we can also find enhanced force contrasts (F1-F4) corresponding to S1-S4. However, the F STA image shows an additional force peak F3 ′ next to F3. In contrast, the ρ image shows only a weak hydration peak S3 ′ at the corresponding position. This enhancement of the force contrast comes from the steep gradient of ρ in the z range of 0.4-0.5 nm as shown in Fig. 4a(iii) . The F exp image obtained in pure water shows similar contrast features to those in the F STA image, where we can confirm not only F1-F4 but also F3
′ . This excellent agreement demonstrates the effectiveness of the STA model and the reliability of the experimental data.
To compare the F exp image obtained in the supersaturated solution with the other three images, we adjusted the vertical and lateral positions of its z cross section as follows. The vertical position is adjusted so that the height of F4 is aligned to that in the other images. Just below F4, we found pairs of the local force peaks, which we assumed to be F3 and F3
′ . This allowed us to identify the positions of the force peaks F1-F3 as indicated by the dotted lines in Fig. 4d(i) . However, the image shows another force peak F2 ′ as indicated by the solid circle. This difference is also confirmed in the z profiles measured over the F l site. The force peak at F2 position appears only in the curve obtained in the supersaturated solution. Probably due to the existence of the F2 ′ peak, F1-F3 appear to be slightly displaced to keep sufficient distance from F2 ′ . While the other minor differences in the image contrasts are not necessarily reproducible, the F2 ′ peak was reproducibly imaged even with a different tip and a sample in the supersaturated solution.
In the ρ image, there is a relatively large cavity at the position corresponding to F2
′ . Thus, we speculate that this spot may serve as an ideal adsorption site for an ion. The supersaturated solution used in this experiment was prepared by dissolving CaCl 2 and KF in water. Hence, the solution contains Ca 2+ , K + , Cl − and F − . Due to the negative charge of the F l ions just under F2 ′ , the adsorbed ions are most likely to be Ca 2+ or K + . Although further understanding will require a help of MD simulation with a model containing ions, our experimental result demonstrates that the ions can significantly alter subnanometer-scale contrasts in the 3D force image.
Conclusion
In this study, we performed subnanometer-scale 2D and 3D AFM measurements at fluorite-water interfaces in pure water and the supersaturated solution (σ = 100). In the 2D images, we found clear differences in the nanoscale structures but no significant difference in the atomic-scale contrasts. In the 3D images, a clear difference in the subnanometer-scale contrast was observed. In pure water, the force contrasts were similar to those obtained by the MD simulation and the STA model. However, the contrasts obtained in the supersaturated solution show an additional force peak over the negatively charged F l site. This location suggests that the observed force peak may originate from cations adsorbed on the fluorite surface.
The ultimate goal of this study is to establish an AFM method for the measurements of 3D distribution of water and ions at solid-liquid interfaces with subnanometer-scale resolution. For the detection of water, its possibility has been well demonstrated by several research groups [14, 15, 56] . In the meanwhile, the detection of ions was not demonstrated. In this study, we demonstrated that 3D-SFM can detect ions at solidliquid interfaces even for the ions that cannot be detected by the 2D imaging. This result marks an important step towards the establishment of the method and highlights the effectiveness of 3D-SFM for investigating the behavior of ions at solid-liquid interfaces. AUTHOR SUBMITTED MANUSCRIPT -NANO-113422. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
